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Abstract: In deep high-geostress and high-temperature environments, understanding the creep defor-
mation of deep coal is of great significance for effectively controlling coal deformation and improving
gas control efficiency. In this paper, the Abel dashpot is defined based on the conformable derivative,
and a damage variable is introduced into the conformable derivative order, thereby constructing a
damaged Abel dashpot. Combining the Weibull distribution and the Drucker—Prager yield criterion,
the thermo-mechanical coupling damage variable is defined, and the coupling damage variable is
introduced into the damaged Abel dashpot to establish a thermo-mechanical coupling damaged
Abel dashpot. Based on the traditional framework of the Burgers creep model, a three-dimensional
fractional creep model of deep coal considering the influence of thermo-mechanical coupling damage
is proposed. Experimental data on coal creep under different temperatures and stress conditions are
utilized to validate the effectiveness and applicability of the proposed three-dimensional fractional
creep model and to determine the model parameters. A comparison between experimental data and
model results reveals that the creep model effectively characterizes the time-dependent deformation
of coal samples under varying temperature and stress influences. Additionally, an in-depth analysis
is carried out on the influence mechanism of key parameters in the creep model, particularly focusing
on the effects of stress levels and temperature on creep deformation.

Keywords: deep coal; fractional creep model; thermo-mechanical damage; conformable derivative

1. Introduction

In recent years, extensive exploitation of shallow coal resources has led to a progressive
decline in their reserves, prompting a shift towards deeper coal mining. However, the
geological conditions in deep mines, characterized by “three highs” (high geostress, high
temperature, and high seepage pressure) [1], pose significant challenges, with frequent
occurrences of mining disasters. Moreover, the mechanisms underlying these disasters are
notably intricate compared to those in shallow mines. Specifically, in deep high-gas mines,
effective gas management measures are crucial to prevent coal and gas outburst disasters by
reducing gas pressure and concentration to meet safety production standards [2]. With the
extension of gas control periods, the creep deformation and visco-elastoplastic deformation
of coal under long-term loading exert significant effects on coal seam roadways and gas
extraction boreholes. This results in the inward convergence of roadways and the collapse or
closure of gas extraction boreholes, consequently affecting roadway stability and gas control
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efficiency [3]. Hence, thorough research into creep deformation in deep environments is
crucial for gas control and coal mining.

As the development and mining timescales of deep coal mines extend, rheological phe-
nomena become increasingly prominent within deep coal seams, impacting both gas control
and coal resource extraction [4,5]. In order to delve deeper into the creep deformation of coal,
researchers have conducted extensive work in this area [6-8]. Cao and Xian [9] conducted
experimental research on the uniaxial and triaxial creep deformation of coal and analyzed the
creep damage evolution, investigating the influencing factors. Wang et al. [10] obtained creep
curves under different external pressure and gas pressure conditions and conducted in-depth
analyses of the influencing mechanisms of creep deformation. Wang et al. [11] discovered
that when outburst coal was subjected to low-stress conditions, it exhibited attenuated creep
characteristics. However, when the pressure on the outburst coal exceeded its long-term
strength, it displayed a non-attenuated creep trend. Yin et al. [12] studied both traditional
triaxial creep curves and creep curves under unloading pressure, obtaining insights into the
viscoelastic deformation under mining stress.

Through the aforementioned experimental research, researchers have gained a pro-
found understanding of coal rheology, especially its creep characteristics, accumulating
valuable experience for the study of theoretical models. Wang et al. [13], aiming to deter-
mine the creep law of gas-containing coal, proposed a triaxial creep constitutive model
based on the Nishihara model. This model effectively describes the creep deformation
characteristics of gas-containing coal under varying loads. Qi et al. [14], by linking a
nonlinear strain-triggering element with the Nishihara model, proposed an improved
model. They derived the constitutive equation for three-dimensional creep under constant
stress conditions and validated the creep model using experimental data. This model
accurately describes the creep characteristics during the accelerated creep stage of sand-
stone. Cai et al. [15] established a visco-elastoplastic constitutive model that conforms to
the deformation patterns of low-rank coal. This model incorporates hardening and damage
functions, enabling it to effectively characterize the deformation behavior of low-rank coal
under various load levels. Meanwhile, Qu [16] improved the Burgers model by serially
connecting it with a nonlinear visco-elastoplastic body, deriving a triaxial creep constitutive
model. The accuracy of the model was verified using experimental data, demonstrating its
ability to depict the deformation evolution during the accelerated creep stage of coal.

Based on the research into creep models and other nonlinear models mentioned
above, the description of nonlinear problems has become a research hotspot. As research
progresses, fractional derivatives have emerged as effective tools for studying nonlinear
problems and have been introduced into theoretical constitutive models to characterize
viscoelastic and viscoplastic deformations [17,18].

Zhou et al. [19] developed a new Abel dashpot based on fractional derivatives. They
utilized the fractional Abel dashpot to replace the classic dashpot in the Nishihara model,
establishing a fractional rheological model capable of describing the creep deformation of
salt rock, particularly the tertiary creep stage. Kang et al. [20] introduced a nonlinear creep
model incorporating a fractional Scott-Blair element to describe the creep process of coal,
and included a damage factor to characterize the tertiary creep stage. Wang et al. [21] pro-
posed a creep constitutive equation under triaxial stress conditions, including volumetric
creep. The creep constitutive equation was validated and its parameters were determined
using creep curves of deep coal, demonstrating that the creep constitutive equation can
effectively depict the entire creep process.

It should be noted that high temperature also affects the creep behavior characteristics
of coal and rock [22]. Therefore, research on creep models under coupled conditions of high
temperature and high geostress in deep areas has attracted widespread attention [23,24].
Zuo et al. [25] considered the impact of temperature on mechanical components from a
theoretical model perspective. They established a creep model with thermo-mechanical
coupling effects and analyzed the creep deformation results of the model in conjunction
with experimental data. Xi et al. [26] developed a mechanical model of thermo-visco-
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elastoplastic elements and proposed a creep model incorporating thermo-mechanical
coupling effects based on the Nishihara model, and validated the creep model using
experimental curves under different temperature and load levels. Based on the Weibull
distribution and the Lemaitre equivalent strain principle, Xu and Karakus [27] established
a damage model for granite with thermo-mechanical coupling effects and analyzed the
evolution process of thermal damage and mechanical damage. Research on the creep
behavior with the aforementioned thermo-mechanical coupling effects mainly focuses on
constructing integer derivative creep models, with few reports on fractional derivative
creep models. Moreover, existing studies often emphasize the degradation of mechanical
parameters, with limited utilization of changes in fractional derivative order to reflect the
creep deformation behavior under thermal-mechanical coupling.

In order to investigate the creep behavior and evolutionary mechanism of coal un-
der high-temperature and high-geostress conditions, this paper establishes a fractional
derivative creep model from a theoretical standpoint. The study delves into the creep
deformation of coal under varying temperatures and stress conditions. By defining the
Abel dashpot through the conformable derivative and integrating the damage variable
into the conformable derivative order, a damaged Abel dashpot is constructed. Further-
more, the thermo-mechanical coupling damage variable is defined based on the Weibull
distribution and the Drucker—Prager yield criterion. The coupling damage variable is then
incorporated into the damaged Abel dashpot to establish a thermo-mechanical coupling
damage Abel dashpot. Drawing upon the traditional framework of the Burgers creep
model, the study incorporates the Abel dashpot and the thermo-mechanical coupling
damage Abel dashpot, proposing a triaxial fractional creep model that accounts for the
influence of thermo-mechanical coupling damage. The effectiveness and applicability of
the proposed fractional creep model are validated using experimental creep data obtained
under various temperature and stress conditions. Model parameters are refined through
fitting procedures. Additionally, the influence mechanism of the critical parameters of the
fractional creep model is deeply analyzed.

2. Definition of the Damaged Abel Dashpot and Damage Variable
2.1. The Damaged Abel Dashpot

Creep deformation can be considered as a combination of elastic deformation, vis-
coelastic deformation, and viscoplastic deformation, with viscoelastic deformation being
the primary factor controlling the magnitude of long-term creep deformation. In order to
analyze the evolution of viscoelastic deformation from a theoretical perspective, researchers
have constructed various forms of dashpot elements to explain the mechanism of viscoelas-
tic deformation [18,19]. The most commonly used dashpot element is the Newton dashpot,
and classical models such as the Nishihara model, and Burgers model all adopt the Newton
dashpot to describe viscoelastic deformation. The stress—strain relationship equation of the
Newton dashpot (Figure 1a) is as follows:

de(t)

C=n M

where 7 is the viscosity coefficient, GPa-h.

As research delves deeper, fractional derivatives have been introduced as effective
tools for describing nonlinear deformation in the expression of viscoelastic elements [19,20].
The varying order of fractional derivatives, ranging between 0 and 1, grants them enhanced
flexibility in capturing viscoelastic deformation accurately. Drawing an analogy with the
classic Newton dashpot, this paper presents the stress—strain relationship equation of the
Abel dashpot (Figure 1b) based on the conformable derivative [28,29]:

¢ =yTyle(0)] (0<7<1) @
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Based on the conversion relation between of first derivative and conformable derivative [28,30]:

de(t)
dt

T, [e(t)] = t1=7 3)
when the conformable derivative order 7y equals 1, the conformable derivative degrades to
the standard first derivative.
Substituting Equation (3) into Equation (2) yields the following relationship [28,29]:
0= ndi,—@t1*7 (0<y<1) (4)
By integrating Equation (4) with the initial condition €(0) = 0, the stress—strain solution
for the Abel dashpot under constant stress is as follows:

-~
2

;(0<7§1) 5)

J B K

(a) (b) (©)

Figure 1. Dashpot element: (a) Newton dashpot, (b) Abel dashpot, (c) damaged Abel dashpot.

As depicted in Equation (5), the Abel dashpot proficiently characterizes time-dependent
deformation during both the decaying creep and steady-state creep stages. Nevertheless,
during the accelerated creep stage, creep deformation undergoes a substantial increase
within a short period, rendering the conventional Abel dashpot insufficient for accurately
depicting the time-dependent deformation in this phase. To address this limitation, numer-
ous scholars have expanded the range of fractional order values and introduced damage
variables to weaken mechanical parameters in creep constitutive model development.
These efforts aim to precisely describe accelerated creep deformation.

Wu et al. [31] and Xue et al. [32] have each devised nonlinear dashpots based on
fractional derivatives, extending the range of fractional order values beyond 1. The creep
models derived from these approaches adeptly capture the accelerated creep phenomenon.
Additionally, Zhou et al. [33] introduced damage variables into fractional order, creating a
nonlinear damage dashpot. The creep model derived from this dashpot similarly accounts
for accelerated creep behavior. Building upon these insights, this study integrates the
conventional Abel dashpot expression with the definition of a conformable derivative,
introducing a damage variable into the conformable derivative order. It constructs a
damaged Abel dashpot (Figure 1c), whose constitutive relation is as follows:

d7(1+D)g(t)

UZWW 0<y<1,0<D<1) (6)

By integrating Equation (6) with the initial condition ¢(0) = 0, the stress—strain solution
for the damaged Abel dashpot at constant stress is as follows:

o t’)/(l-‘rD)
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It should be noted that when the damage variable is zero, the damaged Abel dashpot
reverts to a conventional Abel dashpot. Assuming a stress of 30 MPa, a conformable deriva-
tive order of 0.9, and a viscosity coefficient of 5 GPa-h7, the time-dependent deformation
evolution under different damage states can be derived using Equation (7). As depicted in
Figure 2, for the conventional Abel dashpot when the damage variable is zero, the increase
in time-dependent deformation over time is minimal. As the damage variable increases, the
time-dependent deformation of the damaged Abel dashpot gradually amplifies. Moreover,
the increased magnitude of deformation can be controlled by adjusting the value of the
damage variable.

100
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Figure 2. Time-dependent deformation curves of damaged Abel dashpot.

2.2. Thermo-Mechanical Coupling Damage Variable

Under conditions of high temperature and high geostress, the deformation process of
coal is accompanied by the accumulation of damage. This damage process is the result of
thermo-mechanical coupling effects, and quantitatively describing the damage evolution
has been a research hotspot. Considering the inhomogeneity of coal and rock materials
and the randomness of internal defect distribution, the strength can be considered as a
stochastic quantity influenced by certain internal variables. Due to the inhomogeneity of
the structure and the randomness of coal microelement distribution, many micro-defects
exist internally, resulting in varying strengths among microelements. Therefore, selecting
an appropriate method to depict the distribution of coal microelement strength is crucial.

Based on the Weibull distribution, Hu et al. [34] constructed a creep constitutive
relationship of salt rock under temperature-induced damage. Meanwhile, Ding et al. [35]
utilized the Weibull distribution to model the evolution relationship between the number of
acoustic emission events and loading time, thereby deriving the damage variable evolution
equation. This equation effectively captures the temporal evolution of acoustic emission
events. The Weibull distribution offers distinctive advantages in analyzing the statistical
mechanics behavior of coal and rock masses.

When considering macroscopic damage of coal as continuous during the loading
process, it can be assumed that coal microelements follow the generalized Hooke’s law
before failure and adhere to the Drucker-Prager yield criterion upon failure. Macroscopic
damage is thus determined by the random failure of microelements, whose strength follows
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a Weibull distribution [32,33]. The probability density corresponding to strength is denoted

as P(e): 9
pey— 1 5(5) ee|=(5) ] exo ®
0 e<O0

where m represents the degree of inhomogeneity in the damage distribution of the microele-
ment; gy signifies a parameter characterizing the damage evolution; ¢ denotes the axial
strain of the microelement.

It should be noted that solely relying on axial strain € of microelement is insufficient to
represent the influence of volumetric strain &, under three-dimensional stress. Therefore, it
is proposed to introduce the probability density distribution corresponding to volumetric

strain P(gy): o .
rer=g(a) ool (G ®

Previous studies have shown that macroscopic damage is actually the probability
integral of microelement strength distribution. Thus, the macroscopic damage variable D
can be obtained through the following form of probability integral:

D= /Osv P(ey)de = 1 — exp {— (:)m] (10)

Under thermo-mechanical coupling conditions, the actual stress state of a microele-
ment is the result of the superposition of thermal expansion stress and external stress. The
equivalent stress expression (TNij under thermo-mechanical coupling conditions is obtained
as follows:

0ij = 0;; + EarAT = Eej; (11)

where E is the elastic modulus, GPa; ENZ-]- is the equivalent strain; a7 is the thermal expansion
coefficient, KL, AT=T — Ty is the temperature increment, T is the room temperature
25 °C.

Combining Equation (11), the macroscopic damage variable D from Equation (10) can
be transformed into a function of equivalent volumetric stress as follows:

D=1-exp [(31?;0) 1 (12)

where the equivalent volumetric stress oy = 071 =+ (TZQ =+ 033 ; Ko is the bulk modulus, GPa.

In Equation (12), the parameter m is a key parameter of the Weibull distribution
function, which is associated with the distribution of internal micro-defects and fracture
networks. Previous studies have shown that this parameter is correlated with temper-
ature [36], specifically as m = aAT + b. Therefore, Equation (12) can be adjusted to the

following form:
~ aAT+b
D=1-exp < v > (13)

3K080

where a and b are temperature effect constants, which can be determined through fitting
experimental data.

The traditional Nishihara model utilizes the Mises yield criterion to characterize the
yielding, failure, and creep deformation of rocks. However, this yield criterion does not
account for the influence of hydrostatic pressure and intermediate principal stress, leading
to certain limitations in describing the yielding and failure behavior of coal. Therefore, this
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paper adopts the Drucker—Prager yield criterion to depict the yielding and failure process
of coal microelements [28,32], with the expression as follows:

~

F:DCh—[- h—K,
Q= 2sin ¢ K = 6¢ cos ¢

V3(3—sin @)’ m

(14)

where « and K are the parameters of Drucker—Prager yield criterion; I is the first invariant
of the stress tensor; ], is the second invariant of the stress deviator; ¢ is the internal friction
angle, °; ¢ is the cohesion, MPa.

Since the first invariant of the stress tensor is equivalent to the equivalent volumetric

stress, i.e., I = oy, the expression for the damage variable is as follows:

~ aAT+b

(15)

Under conventional triaxial compression conditions, where coal microelements expe-
rience stress boundaries 02y = 033, the expression for the stress invariants is as follows:

L = o1 + 2033 (16)

INZ — (17:1 *3‘7;3)
According to the generalized Hooke’s law, Equation (16) can be transformed into:

I = Eeyy +2033(1 + p)

~ [Eene-]
o=t

(17)

where y is the Poisson’s ratio.
Combining Equations (14), (15) and (17), the expression for the damage variable can
established under the thermo-mechanical coupling effect:

~ ~ . aAT+b
6ccos ¢ — [Een +o33(2u — 1)} (3 —sing)

6Kpeg sin ¢

Dyr=1—exp|— (18)

Based on Equation (18), the evolution pattern of the damage variable is analyzed
under different temperature and stress conditions. As shown in Figure 3, as the values of
temperature and stress increase, the severity of damage intensifies. This trend aligns with
the typical coal damage behavior in the thermo-mechanical coupling process.

For a specific temperature and stress environment, the damage extent to coal can
be determined by Equation (18). However, it cannot describe the continuous evolution
of damage over time during the creep process. In order to present the time-dependent
characteristics of the damage variable, we introduce the concept of time-dependent damage
variable Dy defined by a negative exponential function [19]:

Dy =1 —exp(—wt) (19)

where w is the time effect parameter, h—!.

Based on the coupled damage combination form shown in Equation (20), we define the
thermo-mechanical coupling damage variable Dyr(t) with time-dependent characteristics
during the creep process as shown in Equation (21):
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Duyr(t) = Dyt + Dt — Dyt Dy (20)
~ ~ aAT+b
6ccos ¢ — [Eell +o33(2u — 1)} (3 —sing)
Dyr(t) =1—exp|— —wt| (21)

6Kopeg sin ¢

According to Equation (21), the time-dependent evolution characteristics of the dam-
age variable are analyzed under thermo-mechanical coupling conditions. As shown in
Figure 4, with the increase in creep time, the damage variable gradually increases. Addi-
tionally, as the value of the time effect parameter increases, the thermo-mechanical coupling
damage variable at the same creep time gradually rises.

Figure 3. Schematic diagram of thermo-mechanical coupling damage surface.
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Figure 4. Damage variable curves with different time effect parameters.
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3. Creep Model Development
3.1. One-Dimensional Creep Constitutive Model

In this section, the traditional Newton dashpots in the Burgers model are replaced
by an Abel dashpot and a damaged Abel dashpot considering the thermo-mechanical
coupling damage effect. A fractional creep model considering thermo-mechanical coupling
damage is established. This model includes a Maxwell body and a viscoplastic body, as
depicted in Figure 5.

7>
ﬂvp
n
E M
WW I ) Gy
h—
<« & —)|< Evp >
< &, >

Figure 5. Fractional creep model considering thermo-mechanical coupling damage.
The total strain is given by:
€0 = €M + Evp (22)

where ¢ is the strain of the Maxwell body, and SZP is the strain of the viscoplastic body.
(1) The stress—strain expression of the Hooke element in the Maxwell body is given by:

~

e
SM—

Ml 2

(23)

~

where ¢ represents the elastic strain of the Maxwell body.

The constitutive equation for the Abel dashpot, based on the definition of the con-
formable derivative, is given as follows:

o m

8??/1 = —
M

(24)

~

where ¢4 is the viscosity strain of the Maxwell body; 7 is the conformable derivative
order; 77;(/} is the viscosity coefficient, GPa-h"1.

The strain of the Maxwell body is obtained by superimposing Equations (23) and (24),
resulting in the following expression:

; m
+ = — (25)
;7M T

~
~
e

stsM—i-sz:

ml

(2) For the viscoplastic body, the stress ¢, of the fractional element is given by:
5ose
oy = {‘7 7= (26)
0s, 0 205

where 05 represents the yield limit, MPa.
The total stress ¢ of the viscoplastic body is obtained by:

o= o4+ 0p (27)

where 0, represents the stress of the damaged Abel dashpot, MPa.
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If ¢ < 05, integrating Equations (26) and (27), the stress of the damaged Abel dashpot
05 = 0, i.e.,
gop =0 (28)

Ifo> o, Equation (27) is rewritten as:
7= 773}% T+ Dar (1) [87’?’} +0s (29)

where 173;% is the viscosity coefficient, GPa-h7?; 7, is the conformable derivative order.
Equation (29) is deformed as:

o — 0

(30)
oy

Ta+p) [SZP} =

Combining the conformable derivative calculation rules and the initial condition
z—:;p = 0 when t = 0, a stress—strain solution Equation (31) can be obtained:

~ o—0s t10+Dur()

Py 12(14 Dur(t)
The combination of Equations (28) and (31) leads to:
N 0 o< O
€op = { G0, (+Dyr() = > o, (32)

2 12(1+Dur (D)

The strain of each mechanical element is superimposed, and the total creep strain of
the fractional creep model considering thermo-mechanical coupling damage is given by:

2

AT

Q‘QZ
[

_
=R e (33)
e(t) = & 4 L. 4 Too patDur() 5
El gyt m 13 12(14Dmr (1)) =

3.2. Triaxial Creep Constitutive Model

The triaxial stress condition significantly influences the deformation and damage
accumulation in deep coal. It is imperative to extend the one-dimensional creep model
to the triaxial creep model to characterize the creep deformation and damage evolution
behavior of coal. Therefore, this section proposes a fractional triaxial creep model under the
thermo-mechanical coupling damage effect. Based on the principle of strain superposition,
the total strain expression for the triaxial creep model is as follows:

~ ~

€i]'(t) = 82{1 + E?jp (34)

~ ~ ~

where ¢;(t) is the total strain tensor; e?]([ is the strain tensor of the Maxwell body; e?f is the
strain tensor of viscoplastic body.
The three-dimensional stress—strain relationship of the elastic element based on the
generalized Hooke’s law can be expressed by:
~ SN” ;
H Y m
Frr— — )
772Gy 3Ky 7

(35)
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where Gy and K are the shear modulus and bulk modulus, respectively, GPa; le] = (TNI']' — O'Nn1(5i]'

is the deviatoric stress tensor; 0, = (071 + UZz + (7;3) /3 is the spherical stress tensor; and J;; is
the Kronecker symbol.
According to Equation (24), the three-dimensional stress—strain expression of the Abel
dashpot is as follows:
s:’»:} S t“rl
2mi m

The three-dimensional stress—strain expression of the Maxwell body can be obtained by:

(36)

Y Si . O sij
e _ . = 37
G = 2Gy, 3Ky T 2T ™ 57)

Combining Equation (30) with the viscoplastic ansatz of the Perzyna type [37], the
three-dimensional strain rate of the viscoplastic body is defined and expressed in the

following form:
T7201+Dur (1) {gzp]: L <4, FEO >3F (38)

Zlyvp 80',']‘

where

— =

F\\ | o F <0) o)
"R/~ ¢(§) (F>0)

where F and Fj represent the yield function and the initial value; ¢(-) is the power
function form.
Combining the conformable derivative calculation rules and the initial condition

Zp = 0 when t = 0, the three-dimensional stress—strain expression of the viscoplastic body

can be deduced by:
~ 72(1+Dymr (1)) F F
& = 5 o5 | ) 0
7 29y (1+ Dyr() \ "\ Fo | / 90y

By analogy with the superposition principle of strain in the one-dimensional creep
model, the strain expression of the triaxial creep model is as follows:

12
AN
o

sl] Om_5.. Sif . ﬂ
) ZGM 3KM 51] + 71

i

N . oy - (41)
Sz - s, 9 Y2(1+Dpyr ()

eilt) = s + ity e 2+ O ((EVVE (72 0)

21755 ¥2(1+ Dy (t

T
Y
o

Considering the confining pressure condition of the creep test, that is, o = 03, then:

S11 = 011 — O = 2(011 — 033), O = 3 (011 + 2033) )
I = o1 + 203, \/72 = 70“\/5033

Substituting Equations (39) and (42) into Equation (41), with the initial yield function
Fy = 1, the axial strain expression considering thermo-mechanical coupling damage can be
obtained by:
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T o0, 20 oq o N T
en(t) = g 2+ T 2+ o m (F<0)
Iy =03 1 +20% 1 —035 71 #12(1+Dpyr (1)) s
er1(f) = D=3 4 71112053 11033 71 E>0
n®) 3Cu T 9K T 3i M 2n0372(14+ Dy (1) (F=0) (43)

-(zx—i— ‘ég)(zx(oql +2(T;3) + ‘gl;\/g‘% —K>

4. Model Validation and Analysis
4.1. Triaxial Creep Model Validation

The fractional triaxial creep model proposed in this paper considers the influence of
thermo-mechanical coupling damage. To validate the model, coal creep experimental data
under different temperature and stress conditions are utilized, and model parameters are
determined. Zhang et al. [36] conducted creep experiments on coal samples under various
temperature and stress conditions, analyzing the mechanisms of temperature and stress on
coal creep. In this study, the creep experimental data for the coal sample UCT-3 from their
experiments are selected to validate the proposed model. It is known that the stress and
temperature conditions for this creep test are axial stress of 30 MPa, confining pressure of
5 MPa, and a temperature of 70 °C.

As depicted in Figure 6, the results obtained from the fractional triaxial creep model
show a strong correlation with the experimental curve, particularly evident during the
tertiary creep stage. This underscores the effectiveness of the creep model in capturing the
entire process of coal creep. It substantiates the importance of accounting for the influence
of thermo-mechanical coupling damage when developing a creep model, especially in
elucidating the underlying mechanism behind the significant increase in deformation after
yielding. Through fitting, the mechanical parameters of the fractional triaxial model were
determined, as outlined in Table 1.

0.7

Model results
—e— Experimental results
0.6

e
W

N
i

Axial strain /%

0.3

70°C 30 MPa 5 MPa
02 L 1 1 1 1 1

0 2 4 6 8 10 12
Time /h

Figure 6. Comparative analysis of creep model results and experimental data at 70 °C.
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Table 1. Mechanical parameters and magnitudes.
Parameter Value Parameter Value

Shear modulus (G, GPa) 6.50 Thermal expansion coefficient (o, K~1) 1.0 x 10~*

Bulk modulus (K, GPa) 5.50 Temperature effect constant (a) —1.0 x 1073
Viscosity coefficient (17;(/} , GPa-h71) 34.00 Temperature effect constant (b) 0.03
Viscosity coefficient (173 2 GPa-h7?2) 45.00 Time effect constant (w, h™1) 1.0 x 10~%
Conformable derivative order (1) 0.19 Cohesion (¢, MPa) 1.50
Conformable derivative order(y;) 0.94 Internal friction angle (¢, °) 35.56

To thoroughly validate the applicability of the fractional triaxial creep model under
different temperature and stress conditions, we continue to select different sets of creep
experimental data for model validation. Zhou et al. [38] conducted creep experiments on
coal samples at temperatures of 200 °C and 400 °C. For the coal sample tested at 200 °C,
the axial stress was 15.6 MPa, and the confining pressure was 10.4 MPa. The creep period
for this sample lasted up to 106 h, during which only the two creep stages were observed,
without entering the accelerated creep stage. For the coal sample tested at 400 °C, the axial
stress was 13.0 MPa, and the confining pressure was 8.7 MPa. Although the stress level was
relatively low for this sample, it entered the accelerated creep process within a relatively
short period. The reason behind this phenomenon is attributed to the higher temperature

exacerbating damage accumulation in the coal sample. The specific evolution trends are
illustrated in Figures 7 and 8.
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Figure 7. Comparative analysis of creep model results and experimental data at 200 °C.

The creep experimental data mentioned above have been selected to validate the
proposed creep model. Through comparative analysis between the model results and the
creep data, it is observed that the creep process of the coal samples tested at temperatures
of 200 °C and 400 °C, particularly the accelerated creep process under high-temperature
conditions, is accurately described by the creep model. It is noteworthy that although the
external load on the coal sample tested at 400 °C was relatively low, the magnitude of creep
deformation for this sample was much greater than that of the coal sample tested at 200 °C.
This phenomenon can be attributed to the exacerbation of internal damage within the coal
sample due to the high temperature, resulting in a weakened resistance to deformation
and degradation of mechanical parameters, leading to significant creep deformation. The
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degradation of mechanical parameters due to exacerbated damage is also confirmed by the
mechanical parameter values of the creep model under different temperatures in Table 2.

8
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T

400°C 13.0 MPa 8.7 MPa
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Figure 8. Comparative analysis of creep model results and experimental data at 400 °C.

Table 2. Mechanical parameters and magnitudes for creep tests.

Temperature/°C Gy/GPa Kp/GPa 17131/GPa-hY! qZ;/GPahyz 7 Y2
200 6.49 5.51 2.50 45.00 0.40 0.94
400 0.80 1.00 0.70 3.10 0.10 0.92

4.2. Analysis of the Influence Mechanism of Creep Deformation

Based on the validated applicability and accuracy of the fractional triaxial creep model,
an analysis of the influence mechanism of key parameters in the model is now conducted
to further clarify the creep deformation under different parameter values.

The influence of different stress levels on creep deformation is analyzed with the
model parameters in Table 1. Under a temperature of 70 °C and a confining pressure of
5 MPa, the axial stresses are set at 30 MPa, 40 MPa, and 50 MPa, respectively. According
to the axial strain curves in Figure 9, it can be observed that higher axial stress leads to
greater axial creep deformation, and the tertiary creep stage of the coal sample occurs
earlier. The evolution trend of the model indicates that higher axial stress is more likely to
induce accelerated creep, which aligns with the actual deformation evolution trend of coal
samples. This further confirms the effectiveness of the proposed creep model.

In order to study the creep deformation of coal under different temperature conditions,
an analysis is conducted using Equation (43), and the creep temperatures are set to 50 °C,
70 °C, and 90 °C, respectively. As shown in Figure 10, higher temperatures result in greater
creep deformation under an axial pressure of 30 MPa and a confining pressure of 5 MPa.
The instantaneous deformation and creep deformation increase with rising temperature,
leading to a corresponding increase in the total deformation of the coal sample. These results
demonstrate that using thermo-mechanical equivalent stress to establish coupling damage
variables and introducing coupling damage variables into the conformable derivative order
is feasible. It also reflects the weakening of the mechanical parameters of the coal sample
caused by high temperatures, resulting in a gradual increase in creep deformation.



Processes 2024, 12, 1121

15 of 18

1.2
—&— Axial stress = 30 MPa
—&— Axial stress = 40 MPa
1.0 b —®— Axial stress = 50 MPa

Axial strain /%

12

Time /h

Figure 9. Creep strain curves with different axial stress levels.
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Figure 10. Creep strain curves with different temperatures.

The fractional triaxial creep model proposed in this study differs from the traditional
Burgers model, and it not only considers the influence of thermo-mechanical coupling
damage but also employs conformable derivatives to investigate creep problems. Combin-
ing the same model parameters, the conformable derivative order values corresponding
to the damaged Abel dashpot are set to 0.8, 0.9, and 1.0, respectively, and the effect of
the conformable derivative order on the creep deformation is analyzed. As shown in
Figure 11, when the axial pressure, confining pressure, and temperature are 30 MPa, 5 MPa,
and 70 °C, respectively, a higher conformable derivative order results in larger creep de-
formation during the accelerated creep stage. Additionally, with longer creep times, the
differences in creep deformation corresponding to different orders become more significant.
The evolution trend demonstrates that conformable derivative order has good flexibility
in describing nonlinear creep behavior, particularly as the variation in the conformable
derivative order directly influences the sudden increase in creep deformation during the
accelerated creep stage.
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Figure 11. Creep strain curves with different conformable derivative orders.

5. Conclusions

To study the creep deformation of coal under high temperature and high geostress
conditions, a fractional triaxial creep model that accounts for the thermo-mechanical
coupling damage effect is established in this study, and the following key conclusions
are drawn:

(1) The damaged Abel dashpot and thermo-mechanical coupling damage variable are
defined based on the conformable derivative and the Weibull distribution, respectively. A
thermo-mechanical coupling damage Abel dashpot is constructed, and this new dashpot
component is incorporated into the traditional Burgers model. Considering the triaxial
stress state of deep coal, a fractional triaxial creep model for deep coal considering thermo-
mechanical coupling damage is established.

(2) The proposed creep model is validated using creep data obtained from coal samples
subjected to different temperature and stress conditions. Model parameters are determined
by fitting experimental data. Through the fitting analysis, it is observed that the model
could effectively describe the time-dependent deformation of coal samples under vari-
ous temperature and stress conditions, particularly during the accelerated creep stage. It
uncovers the intrinsic mechanism wherein high temperatures exacerbate internal dam-
age in coal samples, weaken their resistance to deformation, and result in significant
creep deformation.

(3) Based on the analysis of the influence mechanism of key parameters, it is found
that higher axial stress levels lead to larger axial creep deformation under identical creep
time conditions, and the accelerated creep stage of coal samples occurs earlier. A higher
order of conformable derivative results in greater creep deformation during the accelerated
creep stage. At the same external stress, both instantaneous and creep deformations of coal
samples increase with rising temperatures, thereby leading to a larger total deformation of
coal samples as the temperature increases.
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